Abstract Surface modification by means of wear protective and antibacterial coatings represents, nowadays, a crucial challenge in the biomaterials field in order to enhance the lifetime of bio-devices. It is possible to tailor the properties of the material by using an appropriate combination of high wear resistance (e.g., nitride or carbide coatings) and biocide agents (e.g., noble metals as silver) to fulfill its final application. This behavior is controlled at last by the outmost surface of the coating. Therefore, the analytical characterization of these new materials requires high-resolution analytical techniques able to provide information about surface and depth composition down to the nanometric level. Among these techniques are Rutherford backscattering spectrometry (RBS), glow discharge optical emission spectroscopy (GDOES), and angle resolved X-ray photoelectron spectroscopy (ARXPS). In this work, we present a comparative RBS-GDOES-ARXPS study of the surface characterization of Ag-TiCN coatings with Ag/Ti atomic ratios varying from 0 to 1.49, deposited at room temperature and 200°C. RBS analysis allowed a precise quantification of the silver content along the coating with a non-uniform Ag depth distribution for the samples with higher Ag content. GDOES surface profiling revealed that the samples with higher Ag content as well as the samples deposited at 200°C showed an ultrathin (1-10 nm) Ag-rich layer on the coating surface followed by a silver depletion zone (20-30 nm), being the thickness of both layers enhanced with Ag content and deposition temperature. ARXPS analysis confirmed these observations after applying general algorithm involving regularization in addition to singular value decomposition techniques to obtain the concentration depth profiles. Finally, ARXPS measurements were used to provide further information on the surface morphology of the samples obtaining an excellent agreement with SEM observations when a growth model of silver islands with a height d=1.5 nm and coverage θ=0.20 was applied to the sample with Ag/Ti=1.49 and deposited at room temperature.
Introduction
The strategy of surface modification using coatings has proved to offer unique chemical and physical properties able to improve the biological response of biomaterials as well as the wear and corrosion resistance of the base material. The development of new functional coatings, namely DLC [1, 2] , TiN [3, 4] , TiCN [4] , TiAlN [5] , and TiSiCON [6, 7] among others, has enhanced the functional properties of different biomaterials. Moreover, the addition of Ag to wear protective coatings reduces the friction coefficient and the wear rate of transition metal nitrides and carbides [8, 9] . The addition of Ag nanoclusters has been also pointed as an effective solution to reduce bacterial colonization on biomaterials surface, thus enhancing the lifetime of the bio-device [8, [10] [11] [12] [13] [14] [15] . The antibacterial activity of silver is attributed to the release of ionized Ag + , which is claimed to cause the disruption of cell membrane and DNA damage [16] . The efficiency of Ag is mainly controlled by the morphology of silver particles (being known that the smaller particles are more effective in destroying the bacteria) [17, 18] and the interaction between the Ag particles and the electrolyte, which is mainly controlled by the amount of Ag clusters on the coating surface and the morphology of the matrix [11, 19] . Hence, the ultimate bioactive performance of the coatings will be driven by the outmost surface (<10 nm) in contact with the biological environment and high-resolution analytical techniques are needed to complete the characterization. Rutherford backscattering spectrometry (RBS), glow discharge optical emission spectroscopy (GDOES), and angle resolved X-ray photoelectron spectroscopy (ARXPS) are techniques able to provide information about surface and depth composition down to the nanometric level [20] .
The co-deposition of transition metal nitrides (MeN) and carbides (MeC) provokes the formation of nanostructured coatings where Ag nanoclusters are dispersed through the base matrix, forming Ag clusters which size increases at higher silver contents [9, 11, 21] . Several authors have reported that silver clusters are able to diffuse in the base coating, which leads to a non-uniform Ag distribution along the coating thickness. Krzanowski et al. [22] produced SiCAg and HfC-Ag coatings by magnetron sputtering, and the authors found that, although the Ag particles were embedded in the matrix near the substrate, there was a silver depleted region followed by a surface-rich Ag layer. Adochite et al. [23] found that the co-deposition of Ag and TiO 2 coatings resulted in a non-uniform chemical composition along the thickness, being determined that the silver content was higher near the substrate and lower at the coating surface which was ascribed to diffusion of this element during the deposition process itself. The segregation of Ag to coating surface after annealing was also reported by several authors, who proposed the use of selflubricant films based on hard coatings combined with a ductile and lubricant Ag phase [9, 24, 25] . In fact, the surface segregation of Ag in different coatings is claimed to be a dynamic process that occurs even at room temperature [26] . Bates Jr. et al. [26] found that the co-deposition of Ag-Si led to the surface segregation of Ag, which was attributed to the immiscibility of Ag and Si. The authors stated that the large surface and strain energies of Ag precipitates in the silicon matrix could further exclude the silver particles from the Si. Manninen et al. [21] performed previous studies in the Ag-TiCN system concluding that the coatings are composed by TiCN, a-C and a-CN x phases, and crystalline Ag phases, being the size of the Ag grains and the presence of amorphous phases enhanced at higher silver contents. The tribological tests of these coatings were performed in bovine serum solution against an alumina counterpart in order to simulate the environment found in hip joints [8] . The results obtained indicated that the wear resistance of the coatings was enhanced for Ag/Ti ratios lower than 0.20 (Ag content below 6 at.%), while for higher silver contents the wear rate increased. Moreover, the cytotoxicity tests revealed that the mortality rate in MTS assay with fibroblasts was inferior to 10 % for Ag/Ti <1, while for the coating with higher Ag content (27 at.%) the mortality rate increased to 20 %, still being an acceptable result. The results found in previous studies were encouraging indicating that Ag-TiCN coatings are a suitable option as wear protective coatings for hip implants.
Despite of these numerous and excellent works, the mechanism of silver surface segregation and its effect on the bioactivity of the coatings is still not fully understood. The purpose of this paper is, by the use of advanced surface characterization techniques, to shed light on the role of silver nanoclusters at the nanometer scale. In particular, this report aims to obtain a detailed characterization of the Ag composition profile along the depth as well as metal nanocluster size distribution at the surface as function of silver content (from 0 to 27 at.%) and deposition temperature (room temperature and 200°C) for coatings prepared by reactive magnetron sputtering. As previously mentioned, the size distribution and amount of Ag clusters on the coating surface exert a strong influence on the tribological and biological behavior of these coatings. In this sense, the optimization of this system requires a deep knowledge of the surface properties of AgTiCN (i.e., Ag particle size and surface coverage) in order to obtain an effective bioactive coating.
Experimental details
Ag-TiCN coatings were deposited by reactive DC magnetron sputtering both onto polished and ultrasonically cleaned 316L stainless steel (20×20 mm 2 ) and single crystalline silicon (100) substrates. A pure titanium interlayer was deposited in order to improve the adhesion. A high-purity Ti target (200× 100 mm 2 ) and a mixed Ti/Ag target (200×100 mm 2 ) were used in a Ar+C 2 H 2 +N 2 atmosphere, with the substrates rotating at 70 mm over the target at a constant speed of 7 rpm. Two series of samples were deposited using a Ti target with 6 and 14 Ag nuggets, resulting in relative Ag sputtering areas (only the preferential eroded zone of the target is considered) of 15 % (first series) and 43 % (second series), respectively. Argon flow was kept constant at 60 sccm while the reactive gases fluxes (C 2 H 2 and N 2 ) were changed. Further details concerning the deposition parameters can be seen elsewhere [21] . The variation in the reactive gas fluxes was performed in order to maintain approximately constant the C and the N contents, although the current density applied to the targets was changed in order to obtain coatings with different Ag/Ti ratios, ranging from 0 to 1.49 In order to analyze the chemical composition depth profiles of the coatings, Rutherford backscattering spectroscopy (RBS) and glow discharge optical emission spectroscopy (GDOES) were carried out. RBS experiments were performed at the 5MV HVEE Tandetron accelerator sited at the Centro de Micro-Análisis de Materiales of Universidad Autónoma de Madrid [27] . The RBS experiments were performed using 3.7 MeV He + ions to make use of the resonance 14 N(α, α) 14 N in order to improve the sensitivity to nitrogen. The data were acquired simultaneously with two silicon surface barrier detectors located at scattering angles of 170°and 135°, respectively, with an energy resolution of 16 keV at an ion dose of 10 μC. The experimental spectra were fitted with the software programs RBX [28] and SIMRA [29] . GDOES depth profile analysis of the coatings was completed using a Horiba Jobin Yvon RF GD Profiler equipped with a 4-mmdiameter copper anode and operating in argon gas [30, 31] . In previous works [32, 33] , Escobar Galindo et al. performed a complete optimization of the operating conditions for the analysis using this GDOES system. By applying a radiofrequency discharge pressure of 650 Pa and a forward power of 40 W, multilayers in the nanometer range were able to be analyzed. Therefore, in this study these operation settings have been kept fixed. The setup was calibrated using standard materials of known composition. In order to improve the quantification of nitrogen, a series of nitride coatings deposited by magnetron sputtering was used as calibration samples [34] . The emission responses from the excited sputtered elements were detected with a polychromator of focal length of 500 mm. The optical path of the spectrometer is nitrogen purged. The emission lines used were 130.217 nm for oxygen, 149.262 nm for nitrogen, 156.14 nm for carbon, 365.35 nm for titanium, 328.08 nm for silver, 271.441 nm for iron, 341.477 for nickel, and 425.433 nm for chromium. The chamber was cleaned by sputtering a silicon (100) sample for 20 min prior to the measurements. This procedure minimizes the contamination of the samples from the source, allowing a faster stabilization of the plasma and, therefore, a higher surface resolution of the GDOES setup [20] . No memory effects were observed after this pre-sputtering procedure. The uncertainties of GDOES measurements were estimated of 10 % in the thickness and of lower than ±5 at.% in the silver concentration.
The electron spectroscopy measurements were performed in an ultra-high vacuum (UHV) system at a base pressure better than 8×10 −8 Pa. The XPS spectra were measured using a hemispherical analyzer (SPECS Phoibos 100 MCD-5). The pass energy was 9 eV, giving a constant resolution of 0.9 eV. The Au 4f 7/2 , Ag 3d 5/2 , and Cu 2p 3/2 lines of reference samples at 84.0, 368.3, and 932.7 eV, respectively, were used to calibrate binding energies. A twin anode (Mg and Al) X-ray source was operated at a constant power of 300 W using Mg K α (1,253.4 eV) radiation. The analyzed area, which is controlled by the entrance slit of the analyzer, is a circle of around 3.5 mm in diameter. In addition to that, the samples were placed in a sample stage with four degrees of freedom in such a way that the angle between the axis of the input lens of the analyzer and the surface normal could be varied between 0°a nd 70°in order to perform angle-resolved measurements.
Results and discussion
Chemical composition and morphology of Ag-TiCN coatings
As mentioned above, we have previously reported [21] a complete description of the deposition parameters, chemical bulk composition, and structural characterization of AgTiCN coatings deposited at room temperature. The deposition rate and the variations in the chemical composition were found to be mainly controlled by the increase in the current density applied to the targets and the reactive gas flow. According to the chemical composition obtained by EPMA, it was found that the Ag content increased from 0 to 27 at.% along with a decrease in the Ti content from 37 at.% to 18 at.%. The C and N contents were almost constant for the studied samples. Taking into account that the variations in Ag content were accomplished by reducing the Ti content, the coatings were labeled according to their Ag/Ti atomic ratios. For this paper, we have selected four samples with different Ag/Ti ratios (0, 0.2, 0.4, and 1.49) and prepared at room temperature and at 200°C. In Table 1 , a summary of the Ag/Ti ratios, Ag contents, and deposition rates is shown. The coatings deposition rate varies from 1.1 to 1.8 μm/h with the silver content, being clear that the deposition rates are similar for both temperatures. Figure 1 shows the plain view BSE micrographs of the coatings with different Ag/Ti atomic ratios deposited at RT (left) and 200°C (right). The distributions of diameters, median of the cluster diameter distribution, and standard deviation of the log-normal fit are also presented for samples Ag/Ti=0.40 and 1.49 either deposited at RT and 200°C, and the data are summarized in Table 1 . The BSE imaging mode allows obtaining the elemental contrast of Ag, which appears brighter in the dark TiCN matrix due to its higher atomic mass. From the BSE micrographs of the samples Ag/Ti=0.40 and 1.49, it can be found that Ag nanoclusters are embedded in the TiCN matrix. Since silver is immiscible in TiCN matrix, the deposition of Ag-TiCN coatings results in the formation of nanocomposites with silver nanoparticles embedded in the TiCN matrix. The presence of metallic silver as well as the formation of crystalline TiCN phases was previously confirmed by means of XRD and XPS analysis, and the results can be found elsewhere [21] . However, since the backscattered electrons are produced at high depths (about 1 μm) we cannot infer that the Ag clusters are formed at the outmost surface of the coatings.
Regarding the sample with Ag/Ti=0.20, the presence of Ag clusters was not detected in SEM analysis for the coatings deposited at RT and 200°C (Fig. 1a, b) , which is plausible due to their small size. The increase of Ag/Ti to 0.40 resulted in the segregation of small Ag clusters to the column boundaries as shown in Fig. 1c for the sample deposited at RT. The average size of the Ag clusters is 24±6 nm (see histogram in Fig. 2a ).
Increasing the Ag content on the coatings (Ag/Ti=1.49) results in the formation of larger clusters (with an average size of 30±7 nm as presented in Fig. 2c ) due to the coalescence during the growth process (Fig. 1e) . The increase of Ag clusters size with Ag content was previously reported by several authors [21, 35] . Deposition of the films at higher temperature (200°C) led to the increase of Ag cluster size up to 26±6 and 54±25 nm for the samples with Ag/Ti = 0.40 and 1.49, respectively, as observed in Fig. 1d (see histogram in Fig. 2b ) and 1f (see histogram in Fig. 2d ). This effect is attributed to the higher Ag mobility promoted by the temperature increase, being the effect more pronounced for the samples with the highest Ag content (Ag/Ti = 1.49). Liu et al. [36] reported that the co-deposition of Ag-Si at 20°C and 200°C led to the formation of Ag nanoclusters embedded in the Si matrix, and the nanocomposite films deposited at 200°C tend to grow large and well-separated Ag particles while the films deposited at room temperature grow finer Ag particles and their clusters.
In the first section, we have summarized the chemical composition and the morphology of AgTiCN coatings deposited with different Ag/Ti ratios and at two different temperatures (room temperature and 200°C). Due to the depth resolution of EPMA (about 2 μm), the chemical composition thereby obtained is related only to the bulk of the coating. In the same direction, the BSE imaging mode of SEM, although allowing to unambiguously detect the formation of silver clusters, cannot be used to conclude that they are formed at the surface of the coatings. Therefore, in the following sections we will make use of surface techniques (RBS, GDOES, and ARXPS) to obtain, on the one hand, the compositional depth profiles of the coatings ("Compositional RBS and GDOES depth profiles of AgTiCN coatings") and, on the other, precise information of the segregation of silver on the surface of the coatings as a function of the silver content and deposition temperature ("Ag surface depth profile and segregation").
Compositional RBS and GDOES depth profiles of AgTiCN coatings
Firstly, we have made use of RBS and GDOES as tools to obtain the compositional depth profiles of all the AgTiCN samples deposited at the different Ag/Ti ratios and deposition temperatures. As an example, the RBS spectra and the GDOES composition depth profile of the sample with Ag/Ti=1.49 (deposited at 200°C) are presented in Fig. 3a and b, respectively. For clarity purposes, the RBS experimental data and the global fitting of results were shifted vertically from the contributions of the elemental spectra (lower part of the graphs) in Fig. 3a layers showed a very well-defined multilayer coating structure with sharp interfaces down to the limit of the technique (i.e., 5-10 nm). Similar multilayer fitting was applied to the rest of the deposited coatings and they will be discussed in detailed to elucidate the silver surface segregation in the coatings (see "Ag surface depth profile and segregation").
With respect to the GDOES depth profile (Fig. 3b) , it can be observed how the elemental composition is very homogeneous within the bulk deposited coating (i.e., thickness above 100 nm) until reaching the Ti interlayer. However, in the inset of Fig. 3b , it can be found that in the first 50 nm the Ti, N, and C contents increase, along with a decrease in the Ag content. In fact, the Ag content decreases from 31 at.% to 15 at.% in the first 20 nm and aftermost it increases to 21 at.% showing a constant value after the first 100 nm until the titanium interlayer is reached at about 3 μm, in excellent agreement with RBS measurements.
Therefore, both RBS and GDOES analysis are consistent with the quantitative chemical composition obtained by EPMA for the bulk coating. However, they provide richer information regarding the compositional depth profile of the films. In particular, it was found that on the surface of the coatings there is a non-homogenous chemical composition. In "Ag surface depth profile and segregation", we will focus on the silver depth profile at the surface of the coatings in order to study the evolution of the silver surface segregation for the different silver contents and temperatures.
Ag surface depth profile and segregation
In Fig. 4a and b, we show a zoom of the RBS spectra of the different coatings deposited at RT and 200°C, respectively. The range of selected RBS energies allows comparing the segregation of silver in the different deposited samples. The surface Ag is detected in RBS at a typical energy of 3,190 keV and with decreasing energy along the sample depth due to the energy loss of He + ions. In addition, the surface titanium signal appears at energy of 2,660 keV for all the studied samples.
According to the results, it can be found that for samples with Ag/Ti=1.49 there is a very thin top surface layer with a high silver content (zone 1) in the schematic representation of Fig. 4b followed by a silver depletion zone (zone 2) before reaching the silver content of the bulk coating (zone 3). For the sample deposited at room temperature, RBX and SIMRA simulations asses the areal density of the top Ag layer and the depletion zone to be of 40 and 400×10 15 at cm
, respectively. In the case of the Ag/Ti=1.49 sample deposited at 200°C, those areal densities were estimated to be of 170 and 910×10 15 at cm −2 for the top silver layer and the silver depletion zone, respectively. Therefore, it can be observed that an increase of the deposition temperature provoked a surface modification of the AgTiCN that extends two to three times in depth as compared to the sample deposited at room temperature (assuming that there is no substantial change in the density of the films upon deposition at temperature). With respect to the samples prepared with lower Ag/Ti ratio (0.20 and 0.40), the RBS spectra of both samples deposited at RT and 200°C did not reveal any silver surface segregation. In order to evaluate more accurately this silver surface segregation effect in the coatings, we have made use of the higher depth resolution at the surface provided by GDOES depth profile analysis. In fact, GDOES has a monolayer resolution at the surface and no worse than 1 nm for the first 100 nm, while RBS shows a depth resolution of 5-10 nm [20] . GDOES depth profiles of the samples are presented in Fig. 5a and b for all the coatings deposited at RT and 200°C, respectively.
From Fig. 5a , it can be found that the Ag content of the coating with Ag/Ti=1.49 decreases from 46 at.% to 12 at.% along the first 5 nm, after which it increases again reaching a constant value of 21 at.% along the coating thickness. This is consistent with the RBS results that predicted a top layer with high silver content and a subsequent silver depletion zone. On the contrary, no silver segregation was observed for samples Ag/Ti=0.40 and 0.20. It is worth noting that the GDOES results obtained for the coating with Ag/Ti=0.40 show an increase from 0 at.% to 12 at.% in the first 13 nm of the film. The absence of Ag in the surface of this particular coating (corroborated by ARXPS as explained below) confirms that the silver precipitates present in the SEM image of Fig. 1c can be observed because we are using the BSE imaging mode and not because there is any surface segregation. Regarding the samples deposited at 200°C all the GDOES profiles show a clear silver surface segregation promoted by diffusion process, followed by a silver depletion zone. Moreover, it is found that after this decrease the Ag content increases again to a constant silver bulk concentration. We have located the different interfaces (1-silver top layer, 2-silver depletion layer, and 3-depth where the silver bulk composition is attained) according to the generally used (50/50 %) definition given by Hofmann [37] . As an example, in Fig. 5a we indicated the different layers for the sample deposited at room temperature with Ag/Ti=1.49. In Table 2 , the thicknesses of the layers for the different deposited samples are summarized.
The thickness of the silver top layer increases from 3 nm for the sample with Ag/Ti=0.20 up to 18 and 22 nm for samples with ratios of 0.4 and 1.49, respectively. The thickness of the depletion zone varies accordingly with the Ag content. For sample Ag/Ti=0.20, the depletion zone is as thin as 3 nm reaching a constant Ag bulk content of 4-5 at.% before the first 10 nm of depth. The depletion zone extends to higher depths with the Ag content as can be observed in the inset of Fig. 5b showing the silver depth profile along the first ≈20 nm of samples Ag/Ti=0.40 and 1.49. For sample with ratio 0.4, the thickness of the depletion zone was measured to be of 10 nm reaching a constant bulk Ag content of 12-13 at.% after the first 40 nm of depth. Of particular interest is sample with the highest Ag content (Ag/Ti=1.49) where a thickness of 30 nm was measured for the depletion zone, but the bulk Ag content of 20-22 at% was not reached until a depth of 150 nm typical of a diffusion-driven process (see Fig. 6 ).
The results obtained indicate that, regardless the deposition temperature, coatings with a silver content above a certain threshold (>20 at.% in our case) show an Ag-rich layer on the coating surface below which a Ag depletion zone of few nanometers is formed. Similar results were obtained for all samples deposited at 200°C even for very low silver contents, being the thickness of the formed layers dependent on the silver composition. Krzanowski et al. [22] also found an Agsurface-rich layer followed by a depletion zone; however, the thickness of the depletion zone was almost half of the coating thickness (about 500 nm). The surface segregation of Ag was Both graphs are in the same vertical scale. In (b), a schematic representation of the different silver regions (1 silver top layer, 2 silver depletion zone, 3 silver bulk value) is depicted previously reported by several authors [22, [24] [25] [26] , and it is claimed that this process is driven by the decrease in the surface energy and strain energy associated with the Ag surface segregation [22, 24] . Both the increase in the deposition temperature [26] and annealing treatments [24] are able to activate the diffusion process. In fact, from the results obtained it seems clear that the segregation process depend on the Ag content and deposition temperature, being enhanced with these parameters.
In order to get further information on the near surface composition and morphology, ARXPS measurements were carried out. Figure 7a shows the measured Ag concentrations as a function of the emission angle for samples with different Ag/Ti ratios [Ag/Ti = 1.49 (RT), Ag/Ti = 0.2 (200°C), Ag/Ti = 0.4 (RT), and Ag/Ti = 0], samples which are those where significant variations of the Ag near surface concentration were found using GDOES. It is worth noting that silver surface segregation was found for samples Ag/Ti=1.49 (RT) and Ag/Ti=0.2 (200°C) but not for sample Ag/Ti=0.4 (RT) in complete concordance with GDOES results. Ag concentrations have been calculated from the signal intensities using the sensitivity factors provided by the manufacturer [38] . It is well known that if XPS spectra are recorded at different emission angles φ, the photoelectron escape depth, 1 cosθ (being 1 the attenuation length of emitted photoelectrons), can be varied in such a way that the depth analyzed is changed and therefore the set of angular measurements will contain information on the concentration depth profile of each species. In our case, the intensity of emitted photoelectrons corresponding to the Ag 3d XPS band is given by Eq. (1)
where c Ag (z) is the Ag concentration at a depth z assumed to be uniform on the surface; 1 Ag is the attenuation length of the photoelectron coming from Ag; 8 is the emission angle referred to the surface normal; and I Ag 0 is a constant depending on instrumental factors, angular asymmetry, and photoionization cross-section [34] which is the intensity measured from a standard Ag sample using the same experimental conditions. Equation (1) is an integral equation of the first kind and represents a prototype of ill-posed problems [39] . If a general algorithm involving regularization in addition to singular value decomposition (SVD) techniques [34] without any prior hypothesis on the shape of the concentration depth profile is used to extract the concentration depth profiles, c Ag (z), results of Fig. 7b are obtained for samples Ag/Ti= 1.49 (RT) and Ag/Ti = 0.2 (200°C), which are those where significant variations of the Ag near surface concentration were found using GDOES. As can be seen from the results of Fig. 7b , the agreement between ARXPS results and GDOES results of Fig. 5 for the same samples is very good clearly confirming a silver enrichment in the first 2-3 nm of the sample surface. It should be pointed out that the regularization parameter used for solving the integral Eq. (1) was The error in the thickness was estimated to be of 10 % chosen in the limit of stability in order to avoid meaningful solutions. ARXPS measurement can be also used to provide further information on the surface morphology. This task can be accomplished assuming some hypothesis on the depth profile shape. In general, such depth profile would be dependent of some parameters that could be used as fitting parameters to minimize in Eq. (1) the differences between the measured intensities and the calculated ones using the proposed test depth profile. Therefore, assuming that Ag forms islands of height d and coverage θ, that is, C Ag (z)=1 if 0≤z≤d and C Ag (z)=0 otherwise (this hypothesis is supported by SEM micrographs of Fig. 1 ), we should have
where θ and d have to be used as fitting parameters to minimize the differences between the right side of Eq. (2), representing the measured intensities (concentrations), and the left side, representing the calculated ones. Obviously the limit case θ=1 represents the results related to a step-like profile instead of islands. We have used the ARXPS results of Fig. 7a to test both possibilities (1) step-like profile and (2) islands for the Ag distribution. Figure 8 shows the ARXPS results for the Ag/Ti=1.49 and Ag/Ti=0.2 (T) samples. Dashed lines in Fig. 8 represent the best fitting assuming θ=1, that is, a steplike profile for the Ag concentration depth profile, whereas continuous lines represent the best-fitting assuming islands for the Ag distribution on the surface. The parameters leading to the best fit of the experimental data to an islands model are shown in Table 3 .
As observed in Fig. 8 , clearly a model of Ag islands on the surface is more appropriate to explain the experimental data than a step-like profile. In particular, for the sample with low silver content (Ag/Ti = 0.20) ARXPS provided a more detailed information than SEM with respect to the surface morphology of the samples.
Conclusions
From the above results, we can conclude that RBS, GDOES, and ARXPS are suitable and complementary techniques for in-depth and surface analysis of silver nanocluster segregation on Ag-TiCN coatings down to the nanometer level.
The depth profile analysis obtained by RBS for the samples with higher Ag content revealed that the Ag was not uniformly distributed along the coating thickness, being found that a top surface layer was formed, followed by a depletion zone both for the samples deposited at RT and 200°C, respectively. GDOES analysis were performed in the samples to obtain a more accurate depth resolution, confirming the RBS observation of the existence of a top surface rich in Ag followed by a depletion zone, for the coatings with higher silver contents independent of the deposition temperature. The silver top layer was estimated to be of 1 and 22 nm for samples deposited at room temperature and at 200°C, respectively. The depletion zone was measured to be of 5 (room temperature) and 30 nm (200°C). GDOES depth profiles also found a similar behavior for coatings deposited at 200°C with lower silver content measuring the formation of an Ag-rich layer with a thickness of 3 nm and 18 nm, for coatings with Ag/Ti ratio of 0.20 and 0.40 GDOES analysis, respectively. Accordingly, the depletion zone depth was enhanced for higher Ag contents. The results obtained indicated that only the sample deposited at room temperature with the highest Ag content and those deposited at 200°C showed the formation of an Ag-rich surface layer below which an Ag depletion zone of a few nanometers was formed. These observations were corroborated by ARXPS experiments and the subsequent modeling applying a general algorithm involving regularization to obtain the concentration depth profiles. This is attributed to the coalescence of Ag particles near the surface at the end of deposition process, which causes the growth of the Ag particles sited on the surface. As the surface particles grow at expense of the Ag clusters below the first nanometers under the surface, this creates a non-uniform Ag distribution in the first nanometers. Since the coalescence of Ag particles is due to the diffusion process, which is activated by the temperature, it was somehow expectable that the increase in the deposition temperature would promote the surface segregation. ARXPS measurements were used to provide further information on the surface morphology of the samples obtaining an excellent agreement with SEM observations when a growth model of silver islands with a height d=1.5 nm and coverage θ=0.20 was applied to the sample with Ag/Ti=1.49 and deposited at room temperature.
The production of Ag-TiCN coatings with small Ag clusters sited on the surface represents a promising structure for biomedical applications. However, it was found in previous studies that the presence of high Ag contents results in worse tribological performance. In this sense, coatings presented in this work with lower Ag content deposited at 200°C represent a more challenging coating for antibacterial surfaces due to its higher surface area and, consequently, more likely to provide an enhanced silver ionization. 
